The photoionization and dissociation of 2-methyl-2-propen-1-ol (MPO) have been investigated by using molecular beam experimental apparatus with tunable vacuum ultraviolet synchrotron radiation in the photon energy region of 8.0−15.5 eV. The photoionization efficiency (PIE) curves for molecule ion and fragment ions:
The photoionization and dissociation of 2-methyl-2-propen-1-ol (MPO) have been investigated by using molecular beam experimental apparatus with tunable vacuum ultraviolet synchrotron radiation in the photon energy region of 8.0−15.5 eV. The photoionization efficiency (PIE) curves for molecule ion and fragment ions: C 4 + have been measured, and the ionization energy (IE) and the appearance energies (AEs) of the fragment ions have been obtained. The stable species and the first order saddle points have been calculated on the CCSD(T)/cc-pvTZ//B3LYP/6-31+G(d,p) level. With combination of theoretical and experimental results, the dissociative photoionization pathways of 2-methyl-2-propen-1-ol are proposed. Hydrogen migrations within the molecule are the dominant processes in most of the fragmentation pathways of MPO.
I. INTRODUCTION
The volatile organic compound (VOC) inventory prepared by the U.S. Environmental Protection Agency (2005) , shows that more than 1.7 million tons of oxygencontaining volatile organic compounds (OVOCs) are discharged per year from anthropogenic sources in the USA [1] [2] [3] . Incomplete combustion of fossil fuels is the major source of the emissions: off-highway sources (15%), vehicular emissions (30%), and emissions from solvent use (30%). OVOCs are active organic compounds that are emitted into the atmosphere through a number of natural and anthropogenic sources, among which marine air is an important source [4] . Unsaturated alcohols are an important class of OVOCs. Previous investigations [5] [6] [7] [8] show the main removal processes of gas-phase unsaturated alcohols (including MPO) in the atmosphere are through the reactions with the atmospheric oxidants, such as Cl atom, OH, O 3 , and NO 3 radicals. Besides, MPO plays an important role in industry, where it is applied as a monomer for the synthesis of polymers and as a starting material in the synthesis of pharmaceuticals, pesticides and other allyl compounds [9, 10] .
Previous work has been principally concentrated on * Author to whom correspondence should be addressed. E-mail: fyliu@ustc.edu.cn the removing mechanism and reaction rate coefficients of MPO with OH radical or Cl atom in the atmosphere [8, 11] . Despite the extensive studies performed, some physicochemical properties of MPO, for instance, its IE of parent molecule and AEs of photo-dissociative fragment ions, are not definitely ascertained yet. To the extent of our knowledge, there have been only two studies [12, 13] on the ionization of MPO wherein the IE of MPO has been determined to be 9.24 and 9.28 eV, respectively, and only one fragment ion has been identified as C 2 H 5 + . The thorough dissociative photoionization of MPO, in experiment or in theory, is still less comprehended. For this purpose, we perform a study on dissociative photoionization process with vacuum ultraviolet (VUV) source ranging over 8.0−15.5 eV. From photoionization efficiency curves, the IE of MPO and AEs of related cations from fragmentation are obtained. With aid of theoretical calculations, our group proposes the fragmental mechanism for the photoionization process of MPO.
II. EXPERIMENTAL METHOD
The experimental apparatus has been depicted comprehensively elsewhere [14] [15] [16] , and only a brief description is given here. The dissociative photoionization of MPO has been obtained by using reflectron time-offlight (TOF) spectrometer with supersonic expansion molecular beam. As the ionization source of mass spec-trometer, the synchrotron radiation from the 800 MeV electron storage ring of NSRL is designed to be in the 7.5−124 eV photon energy range, monochromized with a grazing incidence spherical grating monochromator, and then filtered through a differentially pumped noble gas filter to remove the high-energy harmonics produced by undulator. Argon (6 Torr) is used as the filter gas to restrain higher order of harmonics.
2-Methyl-2-propen-1-ol (Aladdin Corp.) with purity of 99% is used directly without further treatment. Ar (99.995%) is used as carried gas (1 atm) to carry the sample into a continuous beam nozzle (70 µm in diameter). In order to keep vacuum difference and achieve the formation of ultrasonic jet, the mixed gas (sample and Ar) must go through two 1-mm-diameter skimmers and then reach ionization chamber. For detection, the ions formed by the ionization of synchrotron radiation are then extracted by the repulsive electric field into reflectron-TOF mass spectrometer. All mass spectra of fragment ions can be collected by a multiscaler P7888 (FAST ComTek, Germany). PIE curves are deducted from the mass spectra and then normalized with the photocurrent. The turning point of PIE curve is determined as AEs which has been used widely [17, 18] .
III. THEORETICAL METHOD
In this theoretical inquiry, all the geometries of related species are optimized for the possible minima and saddle points by the hybrid density functional theory, B3LYP method with 6-31+G(d,p) as basis set, and the vibrational frequencies are also calculated at this level for zero-point correction. In pursuance of exact energies, calculations at the CCSD(T) [19] level employing the correlation consistent triple ζ basis set cc-pVTZ [20] , which has been tested to achieve good agreement between computational and experimental results [21] [22] [23] [24] , were used to calculate the single-point energy of the sample. All theoretical calculations are carried out at the Supercomputing Center of USTC, Hefei, China, using the Gaussian 09 [25] suite of program.
IV. RESULTS AND DISCUSSION

A. Time-of-flight mass spectra
The tunable nature of synchrotron VUV photoionization allows a soft ionization process near threshold energy, which can prevent the interference of fragment ions. The mass spectra of MPO under energies of 9.5, 12.5, and 15.5 eV, respectively, are demonstrated in FIG. 1. At low energy of 9.5 eV, TOF mass spectrum shows only the parent ion (m/z=72), formed by losing one electron of the olefinic bond of MPO. With increasing the energy to 12.5 eV, more fragment ions: [12] by electron ionization and 9.24 eV by photoionization method [13] . The calculated IE value of parent molecule, 8.94 eV, however, is slightly smaller than the experimental result. The experimental AEs of fragments ( Table I , as well as the calculated IE and AEs of the fragment ions.
B. Dissociation mechanisms
As the increment of photon energy, the fate of different dissociation mechanisms will fall on the parent ions. The geometries of the neutral MPO (P0) and parent ion (P) in the ground states are shown in FIG. 3 . Generally, two types of mechanisms for dissociation come in Photoionization and Dissociation Study of 2-Methyl-2-propen-1-ol 309
FIG. 4 Geometries of transition states and intermediates obtained under B3LYP method with 6-31+G(d,p) as basis set.
The calculated AE of 11.03 eV using the hybrid density functional theory at B3LYP/6-31+G(d,p) level is in excellent agreement with the experimental value (11.06±0.03) eV, which indicates that the formation pathway of C 4 H 7 + is direct fission without barrier. For the formation of the fragment C 4 H 6 + (m/z=54), the suggested pathway is described in FIG. 7 . First, the CHOH group of INT1 transfers to the C1 across TS3 to form INT3. Second, by overcoming an energy barrier of 0.74 eV, H3 transfers to the C9 by passing through a transition state (TS4) and forms an intermediate (INT4). Then, the INT4 transfers H7 to O12 to form INT5. Due to that the bond C9=O12 of INT5 is much weaker, the CH 2 CHCHCH 2 + can be produced by directly breaking this bond. This calculated AE of
FIG. 7 Formation pathways of C4H6
+ and C4H5 + .
C 4 H 6 + (m/z=54) is 9.61 eV, which is in good agreement with experimental value (9.74±0.03) eV.
For the production of C 4 H 5 + (m/z=53), the parent ion initially loses H 2 O to form CH 2 CHCHCH 2 + from MPO. The next step, one atomic hydrogen located on the middle carbon of C 4 H 6 + (F4) is eliminated to produce the C TS11 with an energy barrier of 2.23 eV to produce CH 3 CHCO + (INT11), and direct methyl group elimination forms CHO + . The AE of CHO + is calculated to be 12.15 eV, which is consistent with experimental value (12.20±0.03) eV.
The formation pathway of C
The roughly linear (excluding hydrogen) fragment
) is produced by the pathway: (FIG. 10) . One hydrogen on the C9 (INT2) transfers to C2 through TS11 with an energy barrier of 1.51 eV to form INT12, wherein the C1−C2 bond length is elongated from 1.49Å to 1.59Å. The process of shifting ethyl in the INT11 to the C9 needs to overcome an energy barrier of 0.94 eV to form TS12 which can then convert into INT13. Subsequently, one hydrogen of the hydroxyl in INT13 transfers to yield 2-butanone cation (INT14) via transition state TS14.
+ is generated by C−C bond cleavage in INT14. The highest barrier along the pathway of formation of acetyl cation is 10.38 eV (relative to neutral parent), which is greater than the experimental AE (9.61 eV) of C 2 H 3 O + . The reason is not known for the large discrepancy between the theoretical and experimental inquires. The fragment of CH 3 CHCH 2 + is suggested via the pathway: (FIG. 11) wherein the first three steps are described above in detail. The migration of hydrogen atom on hydroxyl in INT4 toward the C1 leads to the formation of intermediate INT15 via the transition state TS15 with an energy barrier of 2.09 eV. The bond length of C1−C9 in INT15 is elongated from 1.46Å to 1.70Å, making it possible to dissociate fragment C 3 H 6 + (m/z=42). The calculated AE of 11.09 eV at the B3LYP/6-31+G(d,p) level, which agrees with the experimental value (11.24±0.03) eV. The fragment ion C 3 H 5 + (m/z=41) can be generated with the loss of one hydrogen in methyl from the above fragment (C 3 H 6 + ). The calculated AE of this ion is 12.35 eV, which is closed to experimental value (12.53±0.03) eV.
V. CONCLUSION
The dissociative photoionization of MPO was carried out by photoionization mass spectrometry with synchrotron radiation as ionization source. The ionization energy of MPO and appearance energies for fragment ions were derived from their PIE curves. With help of theoretical calculation on the CCSD(T)/ccpvTZ//B3LYP/6-31+G(d,p) level, the formation pathways of the dissociation products were explored and twelve possible pathways were proposed-R1: 
